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SUMMARY 

The process of combustion of fuel oil has been studied 
by other investigators. The work performed has covered the 

combustion history of an individual fuel drop, combustion of 
asphaltine residues, and the formation of stuck solids us- 
ing a large furnace such as a locomotive boiler. The results 
of these investigations have shown the effects of operating 
variables on the stack solid problem; however, a complete 
analysis lias not been made. 

A Rigorous treatment of the combustion process as it 
occurs in a furnace has to deal with a cloud of particles of 
non-uniform size, burning away in an atmosphere of.* changing 
physical and chemioal nature. Furthermore, the studies con- 
ducted so far have never used a laboratory furnace, but have 
used furnaces which required considerable expense and time to 
operate. 

The purpose of the current investigation was to design 
a laboratory furnace to burn a finite ouuntity of oil under 
conditions that approximate boiler furnaces, i . e 0( temperature 
levels, firing rate per unit of volume, etc. The design was 
to be such that the effect of each control variable on the 
formation of stack solids could bo investigated independently. 
The factors which affect the completeness of combustion are 
the nature of the fuel oil, particle size, temperature, furnace 
atmosphere, the relative velocity between the particle and the 
furnace gas, and the combustion time. 



Considerable time was spent in the desigh, construction 
and assembly of the eouipment to fulfill the various require- 
ments. The equipment developed incorporated the following 
features: (1) A long, small cross-seotion furnace burned down 
craft. This eliminates, as far as possible, variations in 
path length and effect of relative velooity. (2) A method 
of quenching the products so that the approximate combustion 
time is determined by flow rates in the furnace proper 0 
(3) A method of controlling the air rate, firing rate and 
particle size. (4) A method of collection of the stack solids 
formed . 

The scope of the experimental procedure was limited by 
the time required to get the ecuipment in operating condition. 
It consisted of combustion of fuel oil at the rate of approxi- 
mately 170, Q00 BTU/cu.ft. of furnuce volume per hour, and 
collection of the stack solid3 formed. The ouantity of stack 
solids formed from combustion of tv/o fuels, Navy Soedal and 
a commercial Bunker "C" , was detemined for the same combus- 
tion conditions. The effect of excess air was determined by 
combustion of Navy Special fuel oil under different condi- 
tions . 

The results show that the nature of the oil is an impor- 
tant factor in determining the quantity of solids formed. 

The unburned carbon content of the residue increases as the 
weigxht percent of stack solids increases. 

The effect of excess air in not a simple function. The 
"offeot of the excess air" is without meuning unless it is 
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specified whether $£he variation is accomplished by changing 
the fuel rat*, or the air rate. 

The appearance of the residues substantiates the combus- 
tion theory proposed by Chang (6). The mechanism is quite 
complex, as indicated by the different forms of the residues. 

The performance of the equipnent was good; it was possible 
to fulfill the requirements of a suitable laboratory furnaoe. 
The results obtained were consistent with those of other in- 
vestigators . ' * 

A new method of presentation of the data is suggested. 

On this basis there is an optimum firing rate and air rate 
for a given furnace und a given fuel« There exists also un 
optimum condition for either of the above parameters when the 

other is fixed . j 

) 



t 



4 



isr aosu cTioK 

It was formerly nelieved that the com.ustion of fuel 
oil took place entirely in the vapor phase. Flame lumin- 
osity and soot formation were attributed to tne cjj[roon 
particles formed by tne c racking of the hydrocarbon vapors. 
More recently, it lias been found that tne solid residue 
from the incomplete combustion of heavy fuel oil is composed 
of two types. One type is formed by cracking of the hydro- 
carbons in the vapor phase, and is a soft fluffy soot. The 
second type, referred to as stack solids, appears as ceno- 
spheres*, or compact spherical coke particles. 

The work of Cheng (o) and Gerald (7) on combustion of 
single droplets of neavy fuel oil proposed the theory that 
combustion takes place in three stages: preheating to the 

boiling point, vaporization and burning of the hydrocarbon 
vapors, and heterogeneous combustion of the coke residue. 

Soot is formed in the late stages of evaporation when the un- 
stable hydrocarbon vapors are evolved. It is formed at the 
core of the vapor where cracking, conditions are such that the 
carbon particles agglomerate Into large particles before 
oxygen can penetrate by diffusion. The agglomerated carbon 
particles then have to burn by the slow process of hetero- 
geneous combustion. It is also toward the end of the vapori- 
zation stage tnnt the form of the stack solias is determined. 

* Cenospheres - hollow spheres of well-defined 
s true ture . 



Luring this period, there is internal vaporization in the 
oil particle and the ense with which this vapor is ciriven 
off determines whether the solid left behind is a Swollen 
cenosphere or a shrunken compact coke particle v/itn a large 
number of small pores on tile surface. For the particular 
heavy fuel oil studied by Cr.ang, cenospheres were obtained 
at 800° C and compact coke particles at 900 to 1100° C. 

The combustion process as it occurs in a furnace has to 
deal with a cloud of particles of different sizes burning in 
an atmosphere of changing physical and chemical conditions. 

Hie factors affecting the completeness of combustion of fuel 
oil particles in a furnace are: (1) the nature o' the fuel, 

(2) particle size, (3) temperature, ( 4 ) furnace atmosphere, 

(5) relative velocity between the particle and the furnace 
gus, and (6) the time in the furnace. 

THE ELUIPMLh’T 

An essontiul part of the work to investigate the problem 
was to design eouipment thut could be used to study the effect 
of the controllable variables independently. Some (f these 
variables may be studied with a comparatively 3inple installa- 
tion. These are the nature of the fuel, particle size, fur- 
nace atmosphere and combustion time. The design was made to 
study tnese variables. 

The design is bused on 3truightforward calculations. The 
arrangement of the e uiprent is shown in Figures I and II; it 
consists of the following components: 



Furnace 



b 

- The size of the furn-.ee wan a elec ted for a 

combustion rate of 170,000 31V/ cu. ft. of furnace volume/hour 

at a fuel rate of approximately two (2) gallons ier hour. A 

long chamber of snail cro33-section fired dov.n-djaft wus used 

1 

to minimize possible variation in path length of. the fuel 

I 

particles. No prov i sion is made for temperature control of 
the furnace; the temperature level depends on the firing rate 
and the amount of excess air used. The furnace casing is 
fitted with small openings at e''ual intervals of lenrth to 
permit observations of combustion or temperature measurements . 
The top section is fitted with connections tc remit use of 

citterns in warring up. The furnace volume nay be decreased 

1 

by removing the lowfest section of the furnace, .-i double pur- 
pose refractory and insulating brick is used to simplify the 
construction. The details of construction cf the furnace are 
shown in Figures III, IV and V. 

juenchlng Unit - The purpose of thi3 unit is to cool 
the products of combustion leaving the furnace to a tempera- 
ture low enough to stop combustion. This requires transfer 
of extremely large ouantitios of heat in a minimum length 
with an arrangement such that the collection of solics is a 
minimum. A single row cf thin-walled copper tubes was used 
and the heat transfer surface was obtuined by using flattened 
2" diameter tubes with the narrow dimension perpendicular to 
the direction of gas flow. The unit is quite interesting 
since the products were cooled from temperatures in excess of 
2100°F to 1100°F. 'flie funu.ee could bo brought up to operut- 
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ing tenperature within fifteen ninutes with only ninor leak- 
age caused by opening of the flanges. The unit required 
considerable time and effort in construction because of 
necessity for experimentally determining the spucinr of the 
tube support plates to prevent excessive deflections under 
operating pressure. The details of construction are shov/n 
in Figures VI, VII and VIII. 

Fuel Supply - -±. gravity feed tank was used because of 
its simplicity. ThV capacity of the tank whs one gallon and 
the tank was fitted internally with a 1000-watt Gal rod 
heater, hand stirrer, and thermometer. The fuel orifice was 
calibrated for a fuel viscosity of 150 SoU. City gas was 
used for wuming up before starting an oil run. The supply 
is controlled b} a single throttle valve and no provisions 
were made for metering the gas. The position of the gas 
Jets in the furnace is shown in Figure IV, Section A- A. 

Fuel atomizer - Air atomization was used; the method em- 
ployed was studied by Nukiyama and Tanasawa (10). This method 
has certain desirable features: (1) wall impingement is mini- 

mized, (2) at high air-fuel ratios the particle diameter de- 
pends on the relative velocity of the fuel and air streams 
only, and (3) it permits the study of the effect of air-fuel 
ratios, particle size, and firing rate independently. The 
assembly of the nt r,m i zer is sh^wn in F*~m-e IX. Further dc- 
detuils of the tneory are given in the Jupplenentnry Introduc- 



tion . 



Separa t ing Unit - The separator is of conventional 

cyclone separator design. The efficiency of the unit >.as 

not determined^ but it was designed for a ninir.ua; inlet 
» 

velocity of 20 ft. /second to insure ude uate collection ef- 

r 

ficiency. The relative dimensions were based on experience 
and were recommended by private communication. Too separator 
1 s shewn in Figures 7 and XI. 

Control and ; 'en.su ring Instruments - 

1. Air - An “.3ME sharp-edged orifice with vena-contracta 
pressure taps v;us used to meter the air. A by-pass valve was 
used to control the qi»intit v of air. T^e blower -,/ns driven 

by u 1.2 HP r:otor and had a capacity of 71 cu.ft./min, at 18" 
of v.'ater. 

2. Temperatures - Fuel anci air temperatures were measured 
by theraoneters . Chromel-alunei thernocouples were used to 
neasuro the furnace and. the exhaust gu3 jtenporature. The fur- 
nace thernocouples were instuiiec as shcAvn in Figure V with 
alundum protection tubes. The calibration of the thermocouples 
is unimportant since tne primary purpose is the measurement of 
relative temperatures and to determine when the furnac J ( has 
reached an equilibrium temperature. The exhaust gas thermo- 
couple w&3 fitted v.itn a single cylindrical shield. Tne loca- 
tion of tui thermocouples is shown in Figures I and II. 

3- Gas Analysis Equipment - A Fisher unitized precision 
• ( 

ga s analysis unit was used. 



Figure I 

Arrangement of Equipment 
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Arrangement of Equipment 
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FIG Z 
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Figure VII 
Quenching Unit 
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FUEL ATOMIZER ASSEMBLY 
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PRO C El UKK 



Altnou/;h the design ..us base: on t . rui-:t. tforwur. c ilcu- 
iutio:i3, tr.ere remained certain an .ncwns which repaired in- 
vestigation by actual teat of the r, qu lament . Tiose uiun. wns 
» 

were: the drop sine, the efficiency of collection oy the 

cyclone separate”, and the firing rate ft” the beet crtibun- 
ticn. Navy .Special fuel oil war selected for the initial 
runs, :_aue to toot the operation of tno equipment and to in- 
vest! ;ate the unknov/r ■> , 

The pre 1 i n ji-y procedure was divined into t ;o p« rt J : 

I 

1. T'^e enu ; pmont. was li rated off usiny city p..s x> 
inves ti.qute performance of the v »rious c or: pc non! and to de- 
termine wriat control methods v.ere re uired f c r the \..»rm up 
period. The epuiynent operated sa sfactorily under combus- 
tion conritions. The temperature level In the furnace could 
be contro_iec 'Uickiy by trial and error settings of the cus 
valves ’..1th constant air sup;iy. It one not possible to pre- 
vent a rapid rise in temperature of the exhaust c uses ..ltnourh 
tais cic not cause excessive _eukt ge through the fiances of 
the quenc..inr u.nit. 

2. This j art of the procedure wus concerned prim: rily 
v.ith trial runs usino fue] oii, _fter warning up the furnace 
with city *-i», to coterr.ino tie required |uu*ni up tempera turos , 
Dost sir-fuel ratios, and relative uuntixion of solids de- 



posited in the 'uenchinr unit, exsaust piping and the separator. 



The iciitli if ' r.< . uHl .ai.b ..ere n.ci e in t..e form of 
exj'criccco r-i Tua: Tan uuntitutive cute. Inis experience 

is aULJinriwed at. Kiiovifc: 

( a ) Jcmperut ire Levoxs of .Lout, 22CC c F at thu location 

of tuoraoc j»i ie To. 1 t.nc. .^C0°F ~t thermocouple h'o. *. 

be mo! ec snfelj ill er a -.wn up pc.rioa af % eii.u'^ei. 

These lo.e!s sole a.. ti ,/t or. rv for ..11 rjas. 

‘ \ > 

(bj e be. - ! c. .bmtion ol fuel wil .ms ^btaineo using 
8 - GO/) except .ir. If lie excess air exceeded 40,' , tie tem- 
peratures me not .p; roach an equilibrium Leu.perutc.re, cut 
decreased coni i.naously . nt values loner tauri 8,. tne combus- 
tion wu n inoufl icie..tly complete. 

(c) ..n appreciable amount of s.ot U au solids v.uo deposited 
on trie tubes of too pucncliug unit uUt in tie exhaust piping. 
Tils necessitated rei.,cv a i of 1 ».a units for cleaning after 
each run. 

(r.j Tie a tox-.i nation obtained wa3 re- preventative cf that 
Uoed in industrial furnaces. The- particles collected ranges 
from 0.00CO" to 0.0CC" (approximate). The work of Chang (6) 
and Gerild (7) 3hows that for combustion above 1G00°C, the^ 
oiaraetor of the solid is between i>C and 801’. of the original 

dPOjj six,e. 

\e) ivlthour. i.i<i efficiency of the separation was unknown, 
a representative ' u.mtity of solids cc-uin bo coliectoc, i.o. 
between 0.$y me 0./';’ of the weight of the fuel burned. 

(f) The fuel rates were not steady during the preliminary 
runs. 'Ibis was caused by Uio i.xsthoc of positioning the fuel 



orifice relative to the atomizing orifice. Considerable 
tine was spent in determining the Cause of the unsteady oil 
rates. The tine remaining did not pernit changing the 
method of fuel supply to eliminate completely this problem, 
hence the scope of the investigation subsequently carried 
out was limited. 

The remaining time limited the investigation, and it 
was decided that the equipment could be used without further 
modification to compare fuels of u different nature. Any 
variations of the fuel rate then would permit analysis of 
the effect of excess air. 

The steps carried out in making an actual run were: 

(a) The oil sample wus weighed and the fuel tank filled. 
The fuel wus then heated to a temperature corresponding to a 
viscosity of 150 3SU . 

(b) Light off furnuce and bring up to the temperatures 
indicated above, using city gas. 

(c) Start fuel oil and secure city gas simultaneously. 
Adjust air supply to the desired quantity. Time of commence- 
ment and finish of the fuel-oil run were recorded. 

(d) Temperatures were recorded during the period of com- 
bustion of fuel oil. 

(e) Two gas samplos were tuken during the run. These 
samples were taken near the middle of each run. 

(f) After the furnace hud cooled sufficiently, the soot 
and solids were removed from the cuonci ing unit, separator, 



and the exhaust pipe joining these two units. The weights 
were recorded and the appearance of the residue was observed 
under a microscope . 

(g) The percentage of unburned carbon in the residue 
was determined by standard laboratory methods. 



» 
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RDSULTS AN? DISCUSSION 

/■■■ — - — ■ — — ■ - ■ — 

Performance .of the Equipment , 

The operation of the equipment waa satisfactory. Thorp 
were certain defects in the design that limited the extent of 
the experimental work carried out in this investigation; and 
those defects should be eliminated before continuing the w^rk. 
Combustion wa3 good as Is indicated by the gas-analysis. Tfyis 
Is an indication that good atomization may be obtained with 
this equipment at combustion rates comparable to the highest 
used in forced draft, natural circulation boilers. 

The size of the particles and the size distribution law 
for the atomization is not definitely known, although a quali- 
tative knowledge is available from the sizes of the residues 
obtained. Chang (C) and Gerald (7) found that above lOOO^C, 
the diameter of the residues formed from single drops wa»50 
to 60$ of the original diameter of the drop. The sizes sRd 

distribution of the stack solids found in our runs are shown 

i 

in the photomicrograph s in figures XIV and XV. 

The quenching unit is overdesigned as far as heat transfer 
Is concerned; its reliability is proven for rapid warming-up. 

r, he fu ■*! supply system is not satisfactory. It was possible 
to obtain a flow rate that was approximately steady, but it was 
not sufficiently reliable. An unsuccessful attempt was made to 
make runs with a fuel witll a pour point of HO 07 . Tills diffi- 
culty can bo eliminated by using a small gear pump with provi- 
sions for recirculating to obtain the desired flow rate. 



It is also recommended that a different method be uoed 
for lighting off because of the buck draft always present In 
the building where tho equipment is located. It is possible 
to install a glow plug that can be retracted into the refrac- 
tory after the furnace has been lighted off with city gas. 

The results of the gas sampling are not consistent with 
the results from metering of the air. This discrepancy was 
probably caused by the flow pattern in the exhaust piping from 
the cyclone separator. Vortex flow exists in the exhaust piping 
from the soparator. This permits vertical circulating currents 
and since the stove piping comprising this exhaust line is not 
air-tight, it is a possible source of leakage. However, the 
values of the h/c ratio found from the ga 3 analysis should be 
consistent and correct. It is recommended that a screen be 
installed in the exhaust piping to straighten out the flow or that 
the sampling tubo bo installed in the piping between the quench- 
ing unit and cyclone separator. 

■"ho actual efficiency of collection of the cyclone sopara- 
tor I3 not knov^n. However, it’s efficiency seons adequato for 
relutive results. Before the Investigation is continued, the 
efficiency should oe determined 30 that the amount of solids 
collected my be used to oetenclne the actual amount of stack 
solids formed, rather than a relative amount. It is suggested 
that a part of the gas leaving the separator be passed through 
a suitable filter to determine the amount of stack solids which 
are not collected in tho separator. 

''ho time required for making a run, cleaning and reassemb- 
ling tho quenching unit, separator, and oxhaust piping is ap- 
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proximately six hours. The cost of the oil burned per run 

is negligible. The installation cost is rolativcly low in 
comparison with that of other investigators who have used in- 
stallations which burned as much as 600 lbs. of fuel oil per 
hour. This equipment permits an economical study of the fac- 
tors that influence the formation of stack solids, and an in- 
vestigation of the effects of additives tn the quantity of 
stack solid3 formed. 

Data from Combustion of Huel Oil 

It was not possible to make enough runs to permit a rigor- 
ous analysis of the factors affecting the formation of stack 
solids. The data does establish the direction of the varia- 
tion for two of the variables that were studiod. A summary 
of the results and calculations of the runs made is presented 
in Table I. 

Huns 42 and i'3 wore made with conditions as nearly the 
sane as possible. The results are close enough to indicato 
that a run is reproducible with the equipment. The design of 
the eq\ilpment is such that the cleaning of the components is 
simple and the variation duo to different degrees of cleanli- 
ness is negligible. Some scatter in the results must bo ex- 
pected 3 lnco the furnace la not an isothermal one. Instead 
an effort is made to reduce the time required for a run, per- 
mitting some variations in the temporature level. Othor varia- 
tions in temperature level must be expected whon the firing 
rate is changed. The re3\ilts of the runs are considered good. 

Ttia effect of the nature of the fuel *3 shown by comparing 



SUMMARY OF DATA AND CALCULATIONS 



RUN 

NO. 


FUEL 

TYPE WEIGHT RATE 

LB 5. LBS. /HR 


EXCESS AIR ** 
METER GAS ANALYSIS 
% % 


H/c. RATIO 
GAS ANALYSIS 


THERM 

°l 


MEAN TEMPERATURE 
O.CPL*l THERMCPLE.^2 THERMCPLE.*3 
F °F *F 


SOLIDS COLLECTED 

QUENCH. UNIT EXHAUST PIPE SEPARATOR 

LBS- %-FUEL LBS. % FUEL LB5. % FUEL 


TOTAL 
SOLIDS 
IBS. %-fuei 




1 


NAVY 

SPECIAL 


7.65 


14.82 


8.33 


7.0 


1.76 


23, 




1810 


1115 


0.0233 


0.306 


0.0 121 


0.158 


0.0218 


0.285 


0 05 72 


0749 


- 


* 


53.09 


* 82.02 


* 83.27 


* 


70.6 9 


2 


COMMERCIAL 

bunker '*£“ 


8.25 


15.00 


7.07 ' 


-0.12 

*• 


1.60 


24 4 


H 

f 


1385 


1080 


0.0283 


0.363 


0.0449 


0.545 


0.0570 


0.691 


0.1318 


1.599 

77.78 




* 49.81 


* 


88.04 


4 84.39 


* 


3 


COMMERCIAL 
BUMKER "C" 


8.81 


15.12 


6.25 


21.6 


1.63 


1 

250S 

1 


2200 


1060 


0.0240 


0.273 


0.0475 


0.541 


0.058/ 

% 


0.661 


O.l29<o 


1.4 7 S 




-* 


44.12 


* 


SI. 20 


* 


89.09 


¥r 


80.0 8 


4 


NAVY 

SPECIAL 


8.40 - 


12.00 


34.20 


28.7 


1.76 


22 

i 


1 

75 




1715 


*' 1000 


0.0128 


0.1 52 


0.0053 


0.063 


0.0/01 

V— , 


0.1 21 


0 .0282 


0.3 36 




* 


59 00 


-* 


58.94 


-* 


78-67 


* 


56.95 


5 


NAVY 

SPECIAL 


84S 


12.96 


40:00 






1 

1 

221 


70 




1990 


1030 


0.0 145 


0.f72 


0.0022 


0.026 


O.O/CI 


0.191 


10328 


0.389 
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* UNBURWED CARBON — PERCENT OF SOLIDS 
** DISCREPANCY IN GAS ANALYSIS DUE TO AIR LEAKAGE 
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Run VI ’.it)' Runs if'H and f’ 3 . The commercial bunker "C" oil 
formed approximately twice the amount of stack solid 3 as the 
Navy Special. These runs were made under the sane conditions 
of atomization and at the sar.o air rate. The solid forming 
tendency of the oil is probably indicated by some property of. 
the fuel oil. It is interesting to compare the aaphaltine 
content and the Conmdson carbon tests for the oils concerned. 

It Is recorrrer.ded for further investigation that two oils be 
usod for the study, one, with low asphaltine content and ten- 
dency to font stack sol id 3, and two, a fuel with high asphaltine 
content and high stack solid forming tendencies. The intermed- 
iate points could be obtained by blending the two fuels. 

The effect of the amount of excess air is indicated by 
Huns // 1 , 7 M, and * 5 . trend indicated here is not a simple 

function and proper presentation of the results is necessary 
for "the effect of excess air” to havo a meaning. 

The percentage of excess air nay be varied in two ways, 
the ©'ll rate may do varied with air rate constant, or the air 
rate may bo varied with oil rate constant. Eithor method 
ca\:ces a decrease in the tomporature level in tho furnace for 
increasing excess air, and this variation must bo accepted aa 
long as an isothermal furnace Is not used. 

If tho excess air is varied by varying the air rate, there 
is an additional effect which i3 important in tho subject prob- 
lem. This is a change in the combustion time or the time in 
the furnace. The average time In tho furnace may bo expressed 



1 



approximately as the quotient. Furnace Volume / Volume Flow 
rate of the oroducts at the moan furnace temperature. If the 
flow rate for an 8£ excess air run is 52 cu. ft ./min., and the 
excess air is increased tc 35# by varying the air rate, it is 
necessary to increase the air rate to 64.8 cu. ft. /min. This 
will reduce the combustion time to 52/64.8 or 0.802 of the orig 
inal value. Since the combustion of the residues takes place 
by the slow process of heterogenous combustion, a decrease of 
time in the furnace should have a large effect on the quantity 
of solids formed. 

i 

If the amount of excess air is varied by controlling the 
fuel rate with the air rate kept constant, the change in com- 
bustion time is negligible. 

In the absence of enough data to establish definitely the 
complete picture it' was daslrable to compare the results ob- 
tained with those of other investigators. The results of an 
investigation by an oil company were selected, and are repro- 
duced In Table II. These results are miducod to fuel and air 
rates per hour per cu.ft. of furnace volume, * so that they may 
be compared with the rosults of this investigation on one plot. 
The data of the oil company ia plotted in Figure XII and the 
results, of this investigation ore superimposed in rod. The re- 
sults of this investigation have been reduced to the same basis 
as the oil company's data. Those values are given in Table III 
The vertical lines represent lines of constant approximate com- 
bustion time. The horizontal linos represent lines of constant 
fuel rato. tines of equal percentage of stack solids have been 
faired in as well an possible from the oil company's data, and 
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LATA 


FT.GV TT STS 


BY AM 


OIL 


coy r a ny 


USING A f'HAVY 


-TILL OIL 




Oil Kate 


Fquiv 


.rjt- 


Total 


Oil Rato* 


Air Rate* 


Pun Kg. 


#lbyhr. 


cess , 
% 


Mr 


Stack 

Solids 


lo/hr-cu. 
ft. furn. vol . 


lt/hr .cu. 
ft .furn. vol 


1 


250 


72 




0.50 


1.21 


31.2 


2 


219 


98 




0.81 


1.152 


34.25 


3 


238 


216 




2.49 


1.253 


59.40 


4 


268 


132 




0.67 


1.412 


49.10 


5 


283 


180 




1.53 


1.49 


62.60 


6 


278 


225 




2.77 


1.464 


71.40 


7 


421 


23 




0.43 


2.22 


41.00 


8 


414 


73 




0.68 


2.18 


56.60 


9 


441 


105 




1.22 


2.32 


71.30 


10 


400 


115 




1.46 


2.105 


67.90 


11 


528 


23 




1.24 


2.78 


51.30 


12 


548 


49 




1.63 


2. 89 


64.60 


13 


694 


21 




1 . 86 


3.65 


66.30 


* Computed values 


using 


a ? 


nrnace volume of 190 cu 


.ft. a nd 



assuming an air rata of 15 lb. air per lb. fuel for 
theoretical complete combustion 



TABLE III 





experivfntal data 


AS PLOTTED IN FIGURi XII 






Fuel Rate 


Zxceaa 


Air Air Rate* 


Total Stack 


Run 


No. lbs/cu. f t . -hr 




lba/ cu.f t . -hr 


Solids % 


1 


8.52 


8.33 


138.4 v 


0.749 


2 


0.62 


7.07 


138.-* 


1.599 


3 


6.69 


6.25 


138.4 


1.475 


4 


6.90 


34.2 


138.4 


0.336 


5 


7.45 


40.0 


156.5 


0.389 


* Theoretical air ns3’ured 


to be 


15 lb3 . air por lb. 


of fuel. 



these curves appear to be contours. There is a definite 
optimum value of firing rate and air rate for a given furnace 

t 

and a given fuel. Similarly, if either an air rate or a fuel 
rate is selected, there ia an optimum value for the other rate. 
These statements refer to the stack solid problem only and neg- 
lect the economy of combustion. 

7?hen presented on this plot, the results obtained in 
Runs #1, #4, and #5 indicate that the equipment waa operated 
uncjer conditions which lie on the upper branch of the family 
of curves for the furnace and the given oil. The results are 1 
consistent with the expocted variation when compared with the* 
data from the oil company’s Investigation. If any point la * 

i * 

selected on the upper branch of a curve and the fuel rate is 1 
decreased along a line of constant air rate, the quantity of 
stack solids should decrease until the minimum for that air 
rate' is reached. This is -analogous to the variation between 
RunB tf 1 and #4. Run #5 was one of the preliminary runs made 
to test the equipment. It has been included on the plot, and 
it indicates further the consistency with the other data. It 
should be noted that it is made 'with a higher air rate. No gas 
samples were made during the preliminary runs. 

These results suggest a procedure for the continued inves- 
tigatipn of the problem. Several different air rates should be 
seloctod and fuol rates varied ovor as wide a range a3 possible.* 

* Those investigators experienced ^difficulty in runs with a fuel 
.rate of C.10 lb/min and an air*of 50.0 cu.ft./min. Under those 
conditions the residue deposited in the quonchlng unit is sticky 
this prevents thorough cleaning and accurate determination of 
the wolght of residue. There io probably a lower limit for 
fuel rate with each air rate. This may require a further in- 
crease in furnace length. 
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Curves of stack solids versus fuel rate nay be plotted for 
constant air rates, and from thi3 family of curvos points 
may be obtained to construct a plot such as 3 hown in figure 

XII. 

The carbon content of the residues increases as the weight 
percent of the stack solids incrensos. This is expected from 
the theory of combustion proposed by Chun g (6) and Gerald (7). 
Tho process of heterogeneous combustion is aided by increasing 
the excess air, and therefore tho percent of unburned carbon 
should decrease. The cocssorcial bunkor "C” has a lower H/C 
ratio which indicates a greater percentage of the heavier 

i 

hydrocarbons and non-volat tl es , hence a greater percentage of 
residue that must burn by heterogeneous combustion. 

Visual Observations 

The appearance of the residues collected were observed 
under a microscope. In general thore was no difference in 
physical appearance of the solids collected from the sane place 
in the equipment fer different runs. The scllds collected from 
tho exhaust pipe and the cyclone separator were well defined 
shapes; the majority of tho particles wore compact spherical 
coked particles with a dimpled surface. Other than these, 
there was a small percentage of cenosphores, burned out frame 
works of both of these types, and an occasional soot string. 

The solids collected from the quenching unit cid not have a 
woll defined shape but 3eemod to be composed primarily of soot 
masses with many smaller coko spheres intermixed. 
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It was interesting tc ncto that the unburnod content 
of the residue froir. the quenching unit was leds than that col- 
lected in the exhaust pipe and the separator. The number of 
conospheres formed was greater for the runs with the greater 
percentage of excess air. 

There are several photomicrographs In the following figures 
which show the representative typos of residues, sizes and dis- 
tribution of sizes. 

Two sight glasses r.ere provided for observation of the 
combustion processes. The location of these sight glasses Is 
shown in rigure I. It v.as interesting to note that in the 
upper sight glass the first luminosity of the flame appeared 
as flashes. At the second sight glass, located at about mid- 
length, the particles appeared as luminous parallel streaks; 
luminous flames woro also visible that eddied at random through 
the streaks. 



\ 
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Figure XIV 
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Residues, Showing Sizes and Distribution 
Magnification 170X 





Figure XV 

Residues, Showing Sizes, Distribution and Types 
„ Magnification 420X 
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Figure XVI 
Types of Residues 
Magnification 170X 
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Figure XVII 33 

Types of Residues 
Magnification 170X 





Figure XVIII 



3 ^ 

Types of Residues 
Magnification 170X 




Figure XIX 
Types of Residues 
Magnification 420X 




Magnification 170X 
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curcLUJioiiS 



1. The equipment operates satisfactorily, i.e. good combus- 
tion is cbtuinod at high firing rates. It is possible 
to investigate the effect of excess air or furnace at- 
mosphere and tne nature of fuel oils on the formation of 
stuck solids. 

2. The equipment represents an economical and rapid method 
of investigating the factors influencing, the formation of 
stack solids. 

*3 • The results obtained are consistent witn the results of 
other investigators. 

h . ihe nature of the fuel oil is an important factor. This 

is probably indicated by some property of the fuel, such 
as the usphultine content, Conrad son Carbon Test, or the 
H/C ratio. The fuels studied indicate the 3olids increase 
as the usphultine content increases and as the H/C ratio 
decreases . 

5. A new method of presenting the dutu is suggested to show 
more exactly the el feet of excess air. The latter may bo 

I 

varied by controlling the fuel rate or the air rate. The 
results have a meaning wnich depends on tie method used 
with a speolflc furnace. 

6. The results obtained for variations in excess sir are con- 
sistent wit a data obtained by other in* o jtifr-atur3 . 

In a "Ivon fujrnuco there is an optimum value of firing 

I 

rate and air rate for a minimum formation of stuck 3olids. 
This optimum value depends on tho type of fuol used. 
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8. In ■> I >•. :j furnace o.uj’e i ..i op tir.un eir rate for a 

fixed fi t] r>.t.e at wnich tho otuck solias formed will 

b<-; r. a.ini „u for t- g particular heavy fuel oil used. 

% 

9 Ii. m ite;. f rr..ioe, for ft fixed: air rate, there is un 
Optimum value for the fuel rate .t v.hich tl e solics 
forced will be a minimum for the ;*.rt iculttr heavy fuel 
oil used . 

10. T> e unburned carbon content of the stack sjilids increases 
as the weiy.ht -credit of stack solids increases. 

11. Tile appearance of the residues substantiates the combus- 
tion theory proposed by Chansy (6). The character of the 
solids is yiite vuriod and seeds to be caused by condi- 
tions inherent in tne combustion of clouds of non-uniform 
particles . 

12. Tie .Truck solids ura composed of: (1) dimpled, compact 
spherical coked particles, (2) cenospheren, (3) burned 
out frame works of the^ first tv/o , and (4) strings of 
soot and soot masses. 



*3 



b_K, £, hj ii j lu’t. 



1. The fuel surely should br chewed to permit accurate con- 
trol of the fun' "ate, and to '••emit hundiinr of Mfrh 
pour o int oils. 

4 . The nethod of • tcmiu* tlon she u Id be studied to .iscort.in 
the crop nine and tie aizo distribution law. 

). The efficiencv of the sops rut in? unit should be determined . 

4. The method cf Hunting off s.‘ ould be chawed to ''implify 
this ope rat/ on. 

5 . ii thorough investigation of the nature of the fuel oil 
should be conducted. r T.e nsphultino content, tie H/C ratio, 
end Conrad. c on Carbon Test are properties that should best 
indicate the s tech solid forming properties . 

6 . The excess air is an important f»-.ctor_.in the formation of 
stack solids. Further 3 r.ve st: rat ions she ul^ be made v ith 
constant air rates ina vary ini: fuel rates. The results 
should be presented in the manner sur/ested , the final re- 
sult beinz a plot sue;, as Figure XII. 

7. The optimum values for minimi ains* stuck sollas should bo 
oomparec with optimum economic values. 

8 . A- thorough investigation of the effect of additives on the 
amount of stack solluc formed should be made. 
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SUPFLr.HTNTARY INTRODUCTION 

The nethod of atomization used was studied by Nukiyana 
and Tanasawa (10). Rxperiraents were conducted using a sharp- 
edtred orifice similar to the atomizer assembly shown in Figure 
IX. The air pressures used were not high enough to use com- 
pressible flow equations. 

The velocities were based on the cros3-sec tion at Issue, 
and the term relative velocity was used. A discharge coeffi- 
cient of 0.64 Is used when a sharp-edged orifice is used for 
the air. 



The results indicate the mean drop diameter formed is a 
function of the fue^-alr ratio und the relative velocity. 

”cr air-fuel ratios above ^ a /%p ■ 5,000 the drop diameter de- 
pends on the relative velocity only. 

They determined a size distribution law that fitted thoir 
data moderately well when the air velocity exceeded 150 meters/ 
second and for q. a A;p greater than 5,000. This distribution law 



where p equals 2 and q equals 1. 

The moan drop size was that diameter having the same ratio 
of volume to surface aa the whole sample. 

Allowance for surface tension and viscosity »ns made and 
tho result was 



^rel . ” tt C . 64 P 
¥ 





was 




j ^ 5b5Jr S9 7 

a o _ + * 

^ r < I 




where d 0 = drop f’ian. , microns 



/ o = pm/cm 3 



cr : dyne / cm. 
o - dvne sec/cm^ 

y * 



V re i = r.oters/coc 



Per heavy oil (,o - 0.9, o = 29, * = 0.5): 

d D = 3320 f 210 (1000 
^rol 

It was not practicable to use pressure atomization bo- 
c bus o of the large cone angles inherent in this method. With 
the small cross-section selected, wall impingement would have 
presented a serious problem. The air atomization as outlined 
above was particularly well suited to the investigation for 
several reasons: 

1. The particle size may be varied with a constant 
fuel-air ratio by changing the size of the atomizing 
ori f ice . 

2. The fuel rate uay be varied without appreciable ef- 
fect on the particle size. 

3. The air rate nay bo varied without affoctlng particle 
size by proper aeloctlon of atomizing orifice size. 

pecausc of the limited cupacity of the blower available 
for the investigation, and to obtain drop diameters approxi- 
mating those obtained by pressure atomization in commercial 
practice, it was necessary lio operate in the range below the 
lowor limit proscribed by the size distribution law. This re- 
quired that the quality of atomization obtained with the equip- 



ment bo determined. 



r 
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r,‘F.ViJLS u* PRCChlURK 

i 

Lesion, i'rocedrre 

It v.a i? desired to design a furnace wnich v;cuid approxi- 
mate the firing rates cf naval and industrial units, and at 
the saxr.e tine be M* such a size and construction as to lend 
itself to experimental work. With this in mind, the follo\ 
ing limitations v,ere set: 

1. Fuel rate tc be two gallons per hour. 

2. Combustion rate to be 170, 00C BTU's per hour per 
cubic foot of furnace vclur.e, 

3. Furnace to be long and narrow wi th a square cross- 
section 5-3 inches on a side. ?hi 3 is convenient for deter- 
mining irean time of particles in the furnace, and permits a 
simple construction. 

4. A quenching unit would be installed at the exit of 

I 

the furnace to stop c embus titan in as short a space as possible. 

5. A cyclone separator would be used to collect solids 
in order to minimize pressure crops. 

With a fuel of an assumed analysis typical of heavy fuel 
oils, the air rate v/as determined to rive 13 . 5 “* CO^ in the 
combustion products. Under these conditions, the pH of com- 
bustion v.as determined. For details of this computation see 
the sample calculations. 

Using tliis value cf p H c , a furnace volume wuo computed 
to give the desired firing rate. With this volume and a riven 
cross-section, it was possible to compute the length of the 



i ♦ 

i 



furnace . 



47 



j. theoretic* i f lame temperature was t hen computed, ts- 
surmnp complete combustion. Next, the furnace losses v.ere 
computed assuming the external losses to be e'uul to the con- 
vection to ti e refractory . This determined the furnace exit 
tempera tore . 

Tne design of the quenching unit was bused on cooling 
combustion products from 2?L0 F to 1500 T . Narrow, deep, 
thin-wailed tubes were used to provide as large a heat trans- 
fer area os possible with minimum resistance, and to keep ce- 

XOsits of stack solids on the unit to a minimum. Although it 

l 

was not rossible in such a small unit to provide the amount of 
heat transfer surface computed, it was decided to use this de- 
sign in belief that actual furm ce temperatures would run 
lower than the computed temperatures, and because the water 
cooled walls and neaders would carry a way an unc etermined 
amount of neat. This cecision was subsequently justified by 
t..e results ett lined from this unit. 

Lighting Off Procedure , 

The fuel supply tank and feed line wore rerhoved for clean- 
ing unri fillinp before starting a run. For lighting off, u 
gas jet was inserted into the fuel supply line opening in the 
elbow; this Jot extended tn rough the atoriizinc brifice. The 
jet was lighted and insorted , the side jets openGd and the 
blower started immediately. The amount of ga s to the sice jets 
was reduced to the mini nun by almost closing, t i*^e valves; the 
lighting off jet way secured and retracted into the elbow to 
reduce the resistance to the air flow. The air supply was »>d- 



justed to maximum flow. 



as soon as the bricks were hot enough to relight the 
city gas, ail gas to the unit was cut off, the lighting off 
jet removed, and the fuel tank placed in the position for a 
run, and the fuel was heated to the temperature corresponding 
to a viscosity of 150 SSU. The city gas to the side jets 
was out on again and the furnace temperatures were brought 
to the desired level by trial and error settings of the gas 
valves. The fuel oil supply valve was opened wide and the 
city gas immediately seoured. 

Fuel Hate 

The fuel oil was weighed to the nearest gram on a 5.5 
kilogram balance. 



Fuels Studied 

The fuels used were Navy Special fuel oil und u coroner c ial 
Bunker "C n fuel cf moderate stuck solid forming tendencies. 

The properties of these fuels were as follows: 

Commercial 
Navy Special Bunker "C" 



API Gravity 20.0 

Viscosity S3F 18 

at 122°F 

Flash Point (PM) 180°F 

Pour Point 0°F 

Insoluble % in 

86° Naptha 4./ 8 

Conradson Carbon 5*66# 



Relative Stack Solids 



14.4 

143 

170°F 

20°F 

8 . 9 7 % 

9 . 54 % 

1 . 0 * 



4 ? 



$ by weight 
C 

H 

0 



Navy Special 

85o7 

11.4 

0.9 



Commercial 
Bunker "C" 



*Furnished by private communication. No 
comparative data is available for the 
other oilc 

Photo-mi orographs of Residues . 

Photo-mi crogruphs of some typical residues were taken 
at about 170 X and 420 X by putting a Loitz microcamera in 
place of the eye piece of a microscope. The pictures were 
taken 7/ith background and/or oblique top lighting. 

Residues . 

The residues collected were weighed to the nearest tenth 



of a gram. 
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S urinary of Original rata and Calcul ations 



Hun 1 : 

Fuel - Navy Special 
Fuel temp (160 SSU) - 137®? 
quantity burned - 7.66 lb. 
Time - 31 rain. 



Hate - 0.247 lb/mln. 

Average Air Temperature (plower Diocharge) - 100F 
Air Suppliod - 62.0 cu. ft. /rain. (50 V” HoO) 



Excess Air (Veter) - 6.33$ 
Excess Air (Gas Analysis) - 
Fi/C ratio - 1.76 



Temperatures 


(°r): 


Time (rin.) 


TCI 


00 


2295 


03 


2165 


09 


2235 


19 


2341 


25 


2430 



Stack Solids: 


T. eight 


Source 


grams 


Quenching unit 


10. G 


Exhaust Pipe 


5.5 


Separator 


9.9 


Total 


26.0 



Gao Analysis: 

CO 2 " 13.3$ 
0 2 - 2 . 14 

Fo - 0.32 

A/ 

CO - 1.07 

~ 63.17 



.O'" 



TC2 


TC3 


1525 


1145 


1605 


1095 


1695 


1095 


1945 


1105 


2095 


1136 


$ of ?;t. of 


Unburned 


Fuel Burned 


Carbon-^ 


0.306 


53.09 


o.ise 


82.02 


0.205 


03.27 


0.749 


70. C9 



Run 2 : 
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Fuel - Commercial Bunker ”C" 

Fuel temperature ( 150 SSU) - 205°? 
Quantity burned - G.25 lb. 

Time - 35 min. 

Rate - 0.250 lb/mi n. 

Average Air Temperature - 100°? 

Air Rato - 52.0 cu.ft./min. (50.0 II 2 0) 

recess Air (Heter) - V.C7£ 



Excess Air (Gus Anal 


ysio) - 


C.12/ deficiency 




Tl/C ratio ( " 




" ) - 


1.60 




Temperatures ( 


OpJ . 








Time (?. r ln.) 


TCI 




TC2 


TC3 


(-) 10 


2410 




1530 


1103 


00 


2398 




1712 


1040 


05 


2387 




' 1795 


1035 


15 


2492 




2078 


1025 


22 


2512 




2205 


1120 


28 


2440 




2225 


1116 


Stack Solids: 














Woight 


/ of Y't. of 


Unburned 


Source 




grams 


Fuel Burned 


Carbon-'/ 


Quenching unit 




13.6 


0.363 


4P.01 


Exhaust pipo 




20.4 


0.545 


08.04 


Separator 




26.9 


0.691 


84.39 




5ST73 


1.559 


y 7Trm 



Gas Analysis: 

C0 2 - 13.5 f, 
Og 2.3 

R 2 - .73 

CO - 1.29 

CH 4 - .77 

Mp - 61.41 

1UU7VV 
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Hun 3 



Puel - Commercial Bunker "C" . 

Fuel temperature (150 SSU) - 205°P 
Quantity burned - 6.81 lb. 

Tina - 35 min. 

Pate - 0.252 Ib/raln. 

Average Air Temperature - 100 c ? 

Air Rate - 52.0 cu.ft./min. (50 V!H H 2 O) 
Excoss Air (Meter) - 6.25^ 

Excess Air (Gas Analysis) - 21.6^ 

H/C ratio " " - 1.63 

Temperatures (°p) ; 



Time (Min.) 


TCI 


TC2 


TC3 




(-) 07 


2465 


1770 


998 




(-) 01 


2505 


1770 


990 




07 


2505 


2005 


1040 




15 


25054- 


2200 


1075 




18 


25054- 


2270 


1050 




25 


25054- 


2340 


1083 




30 


25054- 


2340 


1083 




Stack Solids: 


Weight 


% of Wt. 


of 


Unburned 


Source 


grams 


Puol Burnod 


Carbon-^ 


Quenching unit 


10.9 


0.273 




44.12 


Exhaust pipe 


21.6 


0.541 




87.20 


Separator 


26.4 


0.661 




89.09 


SETS 


TTT75 




W7US 



Gas Analysis: 

CC 2 - 11.84^ 

0 2 - 5 . 20 % 

| CO - 0.20# 

cn 4 - 0.27^ 

« lip - 62 .49$ 

100.00 



\ 

! 
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Run 4: 



Fuel - Navy Special 

^Mel Tempei’nture (150 SST 1 ) - 137°p 

quantity burned - 8.40 lb. 

Tine - 42 min. 

Rate - 0.200 Ibs./nin. 



Average Air Temperature - 100°F 



Air Rate - 52.0 


cu . ft ./rain . 


(50 HV n 2 o) 




Excess Air (Tie te 


r) - 34.2# 






Excess Air (Oas 


Analysis) - 


25.7/3 




H/C ratio - 1.76 








Temperatures : 








Tine (Fin.) 


TCI 


TC2 


TC3 


(-) 02 


2405 


1625 


1040 


04 


2185 


1465 


970 


09 


2180 


1600 


998 


19 


2210 


1780 


1010 


27 


2230 


1860 


1020 


34 


2230 


1920 


1005 


Solids : 


Weight 


t ol’ Vt. of 


Unburncd 


Source 


grans 


Fuel Burned 


Carbon-:' 


Quenching Unit 


5.8 


0.152 


39.00 


Exhaust pipe 


2.4 


0.0C3 


58.94 


Soparator, 


4.6 


0.121 


78.67 


127S 


0.33C 


56.93 



Gas Analysis: 

C 0 2 • 1 2 . 3 5 /o 
0 2 - 4 . 70jf 



N 0 - 82 . 95*- 
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Run 5: 

■^uol - Navy Special 

Ruel Temperature (150 SSU) - 137°? 

quantity burned - 8.45 lb. 

Tine - 39 min. 

Rate - 0.216 lb. /min. 

Average Air Temperature - 100°R 
Air Rate - 58.8 cu.ft./nin (6*1 wv H.^O) 
Exc 63 3 Air (Meter) 40 .Ci 
No cos analysis 



Temperatures (°F:) 



Tine (Min.) 


TCl 


TC2 


TC3 


00 


2500 f 


2005 


1040 


10 


2250 


1920 


1015 


20 


2111 


1869 


973 


30 


2200 


2063 


1065 


35 


2260 


2092 


1054 


Solids : 






Wt .% 


Source 


VVt .grama 




fuel burned 


quenching unit 


6.6 




0.172 


Exhatist pipe 


1.0 




0.026 


Separator 


7.3 


1 


0.1S1 


TO 


O'.'S'G'S 



SAMPLE CALCULATIONS 
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Combustion Calcula tloas : 

Furnace to burn Bunker "C" fuel oil, assuming an analysis 
as follows: 



H/C = 1.4 

API Gravity a 10.7 
Specific Gravity = .995 
Assumed fuel rate a 2 gal. /hr. 

Assume 13 . 5 ^ COg in products. 

Complete Comb. y * - r excess air 



CHi 4 ♦ 1.35 02 —^1.0 C0 2 

0.7 h 2 o 

g x 1.35 N 2 



1.0 



1,0 * x * H (1-35 ♦ x) 
x = .277 



• 135 



1.0 C0 2 
0.7 H 2 0 

§ <1.35 + x) M 2 



* excess air s a .205 b 20 . 5 * 



Hole, alr/mol. fuel = Ag x ( 1.35 4 - . 277 ) = 7.75 



lb. alr/lb. fuel = 
Fuel rate = , x 

774? 

Air rate - l 6 . 6 l x 
High heat value of 



7 *75 x = 16.76 

62 . 4 x .995 = 16.61 lb. /hr. 

a 1.24 mol . /hr. 
16.76 a 278 lb. /hr. 
fuel = 17,780 ♦ 54 (API Gravity 



a 17,780 + 54 (10.7) 

s 18,360 Btu/lb. 

A H 0 - 18,360 x l 6 . 6 l « 305,000 Btu/hr. (water ps llq. ) 

Hy K (H 2 0) * .7 x 1.24 x 18 x 1060 - 16,560 Btu/hr. 

A H c - 305,000 - 16,560 = 288, 406 Btu/hr. (water ns vapor) P 
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Furnace Dimensions : 

Design requirements: 

1. Cross-section to be square 5*5 Inches on side. 

2. Firing rete b 170,000 Btu/hr. - cu. ft. 

3- Top section to be tapered from 5*5 Inch square 
to 3.0 Inch square croes-sectlon. 

4. Height of tapered section = 12. 5 Inches. 

Furnace volume * fSMgH a I.69S cu. ft. 



170,066 

_ 3.0 + 5.5 2 



12.5 



Volume top section = / T ^ ^ 

V 5 - — ~ > x = • 1 ^° cu.ft. 

Volume main section a I.69S - .130 a I.568 ou. ft. 

Length main section s ^-*.566 ihty _ 

(5-5 ) 2 “ 7 * 5 

Total length = 7 * 6 rt ♦ 1’0^ H a 

Estimation of Furnace Temperatures : 

1. Theoretical flame temperature. 



Assuming 


theoretical flame temperature = 


3300 °F 




N 


MC P a^y 


N MC p 


O 

c 

ro 


1,24 


12.92 • 


16.02 


HgO 


.868 


IO.33 


S.97 


°2 


. 3^6 


8.34 


2.89 


n 2 


7.60 


7.92 


60.2 


t fi 


_ 288400 , ^ 

- ~MTUS + o0 r 


3335 °F 


88.08 



ave. 
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2 • Losse s and furn ace exit temper a tu re . 



Overall neat transfer coefficient for 4.5" brick and 
. 125 " steel cosing. 

h ci » 2.0 

^brick = 0.113 

^steel = ^5.9 

h 0 = 0.2 7 d T’ 2 ^ (Eq. 16, p. 240, Ref. (11) ) 

= 0.27 ( 100 )* 



= 0.854 

1 

' _i_ * + jl oi 04_ _ + i x l t i__ 

2 o 0 .113 x 10 25,9 X 10.0 .554 x 14.5 



= .361 Btu/sq. f t , - °F. 

The external losses are to be considered equal to the 
convection to the refractory. 

U) qF. a ( Tp - T * ) Aq — 7-55—— + ’WW 

?c + TTT Q--1 ) 

° A c +Ar Tf J 

(2) qp * Hq + - wj (Cp) m (Tf 2 - Tq) 

T f b T F1 4 T F2 
2 

Aq s 5*5 * 144 ** S Q* 



a R= 5. 5x^x7. 5x4 + 3. 03 x — ; x 4 x 



= 14.80 sq. ft 
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From Ref. (11), p. 69 
Assume Tg = 120°F 
£ C = 0.8 



L 3 1.06 
T c « 3000°F 



^co^r ,Pl + ^HiO,T c ,P w l ^ r t 



P ° = 871 = -1234 



p c L = .131 



p " = = .0065 

p w L = .0917 



Assume Tp = 3035 



6 = .033 

G.CO,^ P C L 



H, 0 . T P._ L. “ * 027 



‘C >V,\, -W 

{ G = .083 t .0290 = .0620 

oc term negligible 

.0620 






= .0621 



(1) qr - 0.173 - 57 ^^) x 0.21 i .655 ♦ 

x 14.8(3035 - 120) 

= 36800 * 15600 
a 52400 Btu/hr . 

(2) q r = 288400 - 88.1 AT , 

4 T 288400 - 52400 236000 _ 0ir 

A a -mrr = °f 



T F? = 26^0 * 60 3 2740 



2 

Tp = 274o ♦ 3335 = 3037 °r 



(1 



I. 



.361 



0 v 1 



Heat Transfer to Quenching Unit 





N 


MC p ave. (1500°) 


N MCp ave. 


°0 2 


1.24 


11.54 


14.31 


°2 


. 666 


7. 60 


2.66 


n 2 


. 346 


7.37 


56.00 


h 2 o 


7-60 


6.97 


- Z-.73 
60.76 


q ( to 


quenching unit) 


= A H c - q F - H MC p 


ave. (1500-60) 



= 268,400 - 52,400 - 60. 78 (l44o) 
= J.19,800 Btu/hr. 

Assuming the water temperature rise a 20°F 

w - q _ 119.300 

“CAT %r— ~ 5990 lb. /hr. 

= 716 gal. /hr. 

3 11.97 gal. /rain. 

Heat Transfer Surface of Quenching Unit . 

Ho. tubes a n Tube thickness (outside) «* 3/16" 

Tube spacing = 1/8" 

Tube height = 2.8g M 

3n . n 4- 1 

lE + —g— = 6 1/16 

♦ 2 = 97 

n " ^ = 19 tubes 

i 



I 
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Area tubes = ( 2 x 2.88 * 3/16tt )$.$ x 19 x ^ 
= 4.61 sq. ft. 

Log mean temperature difference: 

Gases to be cooled from 2740°F to 1500 °F. 
Water assuned to rise from 60 °F to 80 °F. 



A T 



m 



(2740-60) - ( 1500-go) 

26SO 
1*20 



In 



A T m = 1982°F 
Heat transfer coefficient 



A 



(Fig. Ill, p. ^21, Ref. (11)) 



/'f = 2.42 x .0385 
o _ 273 x 144 

" 5.5 X id 'x 1/8 = 2 ^ 10 lbs -/ hr .- sq . ft . 



D e = perimeter „ 2.88 x 2 + 3/16 
n _ 

^e 0 _ 2910 x .168> _ 

— - 27*2 V :(T &5 - 5-27 X 10 

h - -0339 x 39 , n ^ 

i can - 7*34 fltu/hr.- 



TT 1 

— x Y 2 = *1687 ft . 



h E e 

nr = 39 



Heat transfer to quenching unit: 
q = hA AI b 

= 7.34 x 4.61 x 1932 

= 71,700 Btu/hr . 



SAVPLL CALCULATIONS 



Percent excess air by meter : 

The quantity of oil burned and the timo for the run were 
observed. The following calculations were made for 5 tun fj 1: 
Quantity - 7.65 lb. 

Time - 31 min. 

Rate = 7.65/31 « 0.247 lb./nin 
The theoretical air i3 baaed on the percent carbon and 
hydrogen for the Navy Special Fuel Oil given in the properties 
of the oil. 




where 

C, H, 



a = Theoretical air 

and C r Traction by v/eight 



a = 



t O . C57 

i^r- 



.114 

T~ 




1 
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= 0.475 nol?/lb fuel 

Q a (at 100° F?) e 0.475 x 359 x = 194.5 cu.ft./lb fuel 

= 194.5 x 0.247 = 45.0 cu.ft./min 
The air supplied Is obtained from the flow equations for 
sharp-edged. orifices given in the A.S.M.T. "Fluid f/eters." (12). 
The equation U 3 od was: 

Q a » 0 .0997 KYx Dg 2 V 

I p l 

Qa s Voluraotric flow rate, cu.ft./aec 
Y - Disc harge co efficient 

= c / Mi - p 4_ 



P = Diameter ratio 
C = Velocity coefficient 




■ Expansion factor 
T>2 - Orifice diameter 

h w = Different' al prossure, inc]-P3 of water 

Pi = Donslty of air at Inlet pressure and temperature. 

The cxirves for the expansion factor and tables of values 
of K versus Reynold’s Number are reproduced in Figure XIT for 
the diameter ratio and size of air piping us6d. ^or ~ ) un 1 
assume s 53,000 and the corresponding value of K is, 

K » 0.626 



The effect of compressibility is negligible for the differ- 
ential prossure used (about 2") 

p MertO^ 2G.97 x 492 nvi 

p i <10 ° ■> ■ -sbi) x s&c * - 071 

h, = £0 W of HgO = 1.97” H 2 O 
Q n z -0997 x .626 x £.64 x 60 

- 52.0 cu.ft./min 



Checking the assumed value of : 



Orifice Area = 7 T( 1 •44) x ^ 

4 144 



V0l00lt7 = C7TO7ES 



0.00785 ft 

110.3 ft/sec. 
x 0.1 

OYOT8r'5f TT.ViTx 1TF4 



x 1 _ 

m ‘ 



Rj = pVf) = 0.071 x 110.3 x 0.1 - 63,000 

d — ~ 7*S ‘t ’ C ! P " ‘ V 7 T W V ' VAV 4 ” 

A* 



If Reynold's number dlfforo very much from assumed value 
a new calculation must be made for the air rate. Variation 
of the discharge coefficient with Reynold's number however, is 

i 

small . 



Percent excess air = e 
52.0 - 48.0 = 8.335? 

' THTO 
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Tne same procedure Is used for the commercial Bunker 
M C" except the percentages by weight of carbon and hydrogen 
are not known. '’’he theoretical air was assumed to be the 
samo as for the ?!avy special. 

Percent excess air and h/c ratio from Pas analysis : 

Hun 1 

C0 2 - 13.3 
n 2 - 0.32 
0 2 - 2.14 

CO - 1.07 
N 2 - 83 . 17 

Equivalent 0 2 = 83. 1 17 x ^ r 22.10 mols 
8olo of 0 2 = 13.3 f 2.14 + 0.54 r 15.98 
'Ac t 0 2 s 6.12 

Atoms Hs6.12x4f2x.32 

H/C ratio s 25.12/14.37 = 1.76 
P.T4 _ 1 .07 f .32 

Fxc o s 3 0 2 r * 2 

21 x 83.17 - (2.14 - }. 

73 2 

= 7.0/ 




I 

' _ -A L 



« ' ‘ 1 . I ( I 

VALUES OF >" FOR I VARIOUS VALUES OF R<i 
R 4 « 10* 5 | 



1 3 


25 


35 


50 


75 


100 


150 


2 50 


500 


1000 


-0 .45 


.62? 


.6213 


.6197 


618? 


.6174 


.6/64 


.6154 


.6144 


.6137 


O.SO 


;6327 


.6309 


.6292 


-.6277 


.6268 


.6257 


.6246 


.623 6 


.6228 


0.49 


,6 308 


.6290 


.6273 


.62 56 


.6249 


.6236 


.6228 


.6219 


.6210 



K * 



ORIF ICE PIAM. 
PIPE DIAM 
C 

'fPP' 



R^= REYNOLDS NO. AT THROAT 
C * VELOCITY COEFF. 



REPRODUCED FROM A 5 M.E. RESEARCH COM. OR FIU1D METERS - 5EEtl2] 



JAN 8,1348 
b //( i 
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